INTRODUCTION
Ageing is accompanied by impairment of tissue-regenerative capacity as well as increased accumulation of lipids in non-adipose tissues and organs. Fat is stored in adipose tissue within specific cellular organelles, defined as lipid droplets. Lipid droplets are universal intracellular structures, evolutionary conserved from yeast to mammals (1, 2) . They are composed of a phospholipid monolayer surface and a neutral lipid hydrophobic core. Several functional roles have been ascribed to lipid droplets, including most prominently energy storage, protection against excess lipid toxicity, protein sequestration and degradation, (1, 3) . The enzymatic activity of several lipases located in the surface of lipid droplets, such as adipose triglyceride lipase and hormone sensitive lipase (4, 5) , results in the production of free fatty acids. Those are substrates for β-oxidation enzymes residing in mitochondria and peroxisomes. However, overburdened adipose tissue causes a spillover of lipids and fat accumulation in nonadipose tissues, such as brain, liver, cardiac and skeletal muscles. This is known as ectopic fat and it is involved in the pathogenesis of metabolic syndrome (6, 7), a clustering of pathological conditions including type II diabetes, hypertension and increased risk of cardiovascular diseases among others. Furthermore, obesity, hyperglycaemia, elevated triglycerides, cholesterol and glucose blood levels as well as high blood pressure are complex characteristics of metabolic syndrome. Ectopic fat is interspersed among normal cells of senescent tissues and it can be found in multiple locations including skeletal and cardiac muscles, brown adipose tissue, bone marrow and thymus (8) (9) (10) (11) . Ectopic fat accumulation contributes to organ dysfunction, specifically leading to impaired muscle strength and insulin resistance in skeletal muscles, reduced energy expenditure in brown adipose tissue, and impaired function of bone marrow stem cells (8, (12) (13) (14) (15) . Moreover, ectopic fat accrual is associated with systemic inflammation due to increased cytokine secretion from senescent ectopic (16) . The elucidation of the regulatory mechanisms orchestrating the interplay between ageing and ectopic fat deposition has been an important focus of biomedical research during the last decades.
Most lipid research approaches rely on biochemical assays, such as Gas Chromatography or Thin Layer Chromatography (TLC) (17) (18) (19) (20) . However, biochemical techniques pose several limitations and do not provide spatial information about the fat storage sites on whole animals. To alleviate these drawbacks, a plethora of fluorescent based methods to investigate fat metabolism have been developed (21). Fluorescence imaging of live organisms by using dyes including Nile Red (22), Oil-Red-O (23, 24), BODIPY (18) and Sudan black (25) among others, are the most common, efficient and widely used. The need for fast, non-invasive, label-free microscopy methods led to the development of Coherent anti-Stokes Raman scattering (CARS) and Stimulated Raman Scattering (SRS) (26, 27). These methods allow lipid visualization without staining and provide valuable information about lipids chemical specificity and identity. However, CARS and SRS are laborious and costly microscopy methods as they require two tightly synchronized and perfectly aligned laser beams.
Second and third harmonic generation (SHG and THG) are coherent nonlinear scattering phenomena. SHG signal is produced from non-centrosymmetric molecules and its signal arises from structures with high degree of orientation and organization but without inversion symmetry, for instance myosin thick filaments, collagen, microtubules or lipid membranes (28-31). On the other hand, THG is sensitive to local differences in third-order nonlinear susceptibility χ (3) , refractive index and dispersion.
Under tight focusing conditions, the extent of THG signal increases dramatically when beam focus spans an interface between two optically different materials. In THG (36) . This modality is used for precise identification of lipid deposition in the nematode Caenorhabditis elegans (37, 38) . By employing this diagnostic technique it is feasible to visualize and monitor the concentration of lipids in adipose and muscular tissues of wild type animals. Adipose fat content markedly increases during development, followed by subsequent gradual reduction during adulthood (38) , while ectopic fat deposition increases with age (37) . However, the regulatory mechanisms dictating lipid homeostasis collapse and ectopic fat deposition during ageing still remain elusive.
Here we report the employment of SHG and THG non-invasive and label-free imaging techniques to monitor and quantify ectopic lipid deposition and delineate the precise connection between ectopic fat accumulation and ageing. Our studies suggest that fat content is gradually accrued with age in non-adipose tissues, such as body wall muscles, pharyngeal muscles and neurons of C. elegans, independently of growing temperature. Importantly, several genetic interventions known to delay ageing across species such as low insulin signalling, germline loss and caloric restriction alleviate ectopic fat levels and reduce lipid droplet size. Interestingly, autophagy and HLH-30, the mammalian homolog of Transcription Factor EB (TFEB) in nematodes, are required by guest, on December 28, 2016 www.jlr.org Downloaded from to prevent ectopic fat accumulation. Our findings highlight the pivotal role of HLH-30/TFEB in metabolism and prevention of ectopic fat expansion, thereby preserving organismal homeostasis during ageing.
MATTERIALS AND METHODS
Nonlinear microscopy setup. The experimental set-up was similar to the one described in our previous studies (37, 38 ). An Yb-based solid-state femtosecond laser oscillator, C. elegans strains and culture methods. We followed standard procedures for C.
elegans strain maintenance (39). Nematode rearing temperature was kept at 20 o C, unless noted otherwise. The following strains were used in this study: N2: wild-type Nile Red diluted in 100% DMSO. For second and third harmonic generation imaging microscopy nematodes were collected and washed with M9 buffer several times to remove bacteria. Prior to imaging, worms were immobilized with sodium azide buffer at a final concentration of 10 mM. Finally, immobilized animals were examined microscopically.
BODIPY uptake assay. 1 day-old and 5 day-old adults were placed on NGM E. coli (OP50) plates seeded with 100 μl of 5 μM C1BODIPY-C12 (Invitrogen, D3823) diluted in M9 buffer. Animals were incubated for 1 hour with the compound at room temperature. Stained and washed worms were immobilized with levamisole before mounting on 2% agarose pads for microscopic examination with a Zeiss AxioImager Z2 epifluorescence microscope. We calculated the mean and maximum pixel intensity for each animal in these images using the ImageJ software (http://rsb.info. nih.gov/ij/). In each experiment, at least 90 animals were examined for each strain/condition. Each assay was repeated at least three times. We used the Prism software package (GraphPad Software) for statistical analyses. Red (Fig. 1, supplementary Fig. 1A-D) . Additionally, we used transgenic animals expressing the myosin heavy chain, MYO-3, tagged with GFP in body wall muscle cells and THG imaging to monitor lipid droplets distribution in muscular area. Lipid droplets (internal circular structures in blue) were detected in striated body wall muscle cells, verifying the existence of ectopic fat deposition in C. elegans (supplementary Fig. 2 ).
To validate the specificity of THG signal and investigate whether it derives from lysosome-related structures; we imaged transgenic animals expressing the lysosomal protein LMP-1 fused with GFP. We found that THG signal is clearly distinct from lysosomes (supplementary Fig. 3) . Moreover, lipofuscin autofluorescence does not overlap with THG signals (38) .
Previous studies have shown enhanced ectopic lipid deposition during ageing in nematodes (37, 43) . Simultaneous measurements of SHG and THG were performed on the whole body of wild type C. elegans to monitor and compare ectopic fat storage in young and old animals. We found that fat deposition increases in body wall muscle cells with age ( Fig. 2A) . CEPsh during ageing (Fig. 3A, B) . CEPsh surround the sensory ending of CEP dopaminergic neurons. By using transgenic animals expressing GFP fluorescent protein in CEPs, ADEs, PDEs dopaminergic neurons, we monitored age-dependent accrual of lipid droplets around neuronal cell bodies and along neuronal processes (Fig. 3C, D) .
Taken together, our results suggest that fat content gradually increases in several non-adipose tissues, such as body wall muscles, pharyngeal muscles, neuronal and glial cells during ageing in C. elegans. Moreover, our study establishes nonlinear phenomena as a novel, non-invasive and label-free microscopy method to visualize ectopic lipid deposition in vivo.
Longevity-promoting interventions alleviate the rate of age-dependent ectopic fat accumulation and reduce lipid droplet size in C. elegans.
Restriction of calorie intake prolongs lifespan in many species including rats, mice, fish, worms, flies, and yeast (48) . This dietary manipulation is referred as caloric restriction.
In mammals, nutrient deprivation results in the delay of numerous detrimental ageassociated hallmarks, such as increased adiposity and abdominal fat, impaired hepatic and peripheral insulin action (49, 50) . Although caloric restriction effect on primate by guest, on December 28, 2016
www.jlr.org lifespan remains ambiguous, its beneficial impact on preventing a variety of age-related pathologies is generally accepted (51-53).
In C. elegans, caloric restriction can be genetically mimicked with eat-2(ad465) mutants, which display defective food intake due to reduced pumping rate (54) . Consistent with the previous reported effects of caloric restriction on ectopic fat deposition (49, 50), eat-2(ad465) animals display decreased rate of ectopic lipid storage in pharyngeal muscles compared to their wild type counterparts during ageing (Fig. 4A,   B) . Interestingly, EAT-2-depleted animals display steady levels of ectopic lipids throughout life (supplementary Fig. 6A, B) . In addition to caloric restriction, we found that low insulin signalling and germline loss diminish the rate of ectopic fat accumulation during ageing (Fig. 4A, supplementary Fig. 6C) . Furthermore, the size of lipid droplets is significantly reduced in long-lived mutants compared to wild type animals ( recent studies proposing that aberrant lipid droplet formation and expansion could contribute to neurodegeneration and development of neurological disorders (3, (73) (74) (75) (76) .
As life expectancy and standards of living are constantly improving in modern societies worldwide, the proportion of aged individuals will increase significantly over the next decades. In parallel, incidences of age-associated disorders, such as obesity, diabetes, cardiovascular pathologies, sarcopenia, osteoporosis and cancer, which already raise health system costs worldwide, will increase. Calorie deprivation, either by decreasing food intake or by using caloric restriction mimetics, is the only non-genetic intervention promoting longevity and protecting against age-related pathologies, including metabolic syndrome among others (51, 77) . Metabolic syndrome affects a significant percent of adult population in developed countries. Affected individuals display greater risk for developing type II diabetes, increased inflammation, cognitive impairment and accelerated functional decline (78, 79) . Caloric restriction delays or prevents several potentially harmful age-associated phenotypes, which are known to be involved in metabolic syndrome progression (49, 50) . To this direction, we observed decreased by guest, on December 28, 2016
